Abstract-This paper proposes a rectifying antenna (rectenna) for operation in the ISM (Industrial, Scientific and Medical) band centered at 2.45 GHz. It consists of a modified circular monopole loaded with a rectangular ring and a half-wave rectifier. Numerical and experimental data are reported and discussed. From measurements, it is demonstrated that when the power density incident on the monopole is 155 µW/cm 2 , the device here presented exhibits values of the RFto-DC conversion efficiency higher than 30% in the frequency range 2.35-2.5 GHz with a maximum of about 50% at 2.45 GHz.
INTRODUCTION
In the last years a great attention has been paid to the possibility of harvesting the electromagnetic (EM) energy associated to wireless communication systems [1] [2] [3] [4] [5] . To this regard, the key component is a rectifying antenna (rectenna) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , which consists of an antenna and a rectifier. The antenna plays the role of the EM harvester, it acts as a transducer between a free propagating EM wave and a guided one; while, the rectifier converts the energy collected by the antenna into a DC signal.
Most of the strategies for the design of efficient rectennas that have been proposed in the literature focus on the harvesting of the EM energy associated to wireless devices operating in the ISM band (see Table 1 ).
Among these, in [6] a system consisting of two parallel connected rectennas each one made out of a microstrip patch antenna and a dualdiode rectifier is presented. An RF-to-DC conversion efficiency of 60% with an input power of 10 mW is demonstrated.
A 2.45 GHz bi-layer rectenna using a compact dual circularly polarized patch antenna is proposed in [7] . The measured conversion efficiency is of about 63% for a power density incident on the antenna of 525 µW/cm 2 .
In [8] a rectenna consisting of a second iteration Koch antenna and a two-stage Dickson charge pump voltage-doubler rectifier is proposed. A conversion efficiency of 70% for an input power of about 3 dBm is demonstrated for the rectifier.
In [9] , two nested microstrip-fed shorted annular ring-slot antennas and two rectifier circuits are used to obtain a dual-frequency rectenna for wireless power transmission at 2.45 GHz and at 5.8 GHz. In the case of an input power of 0 dBm, the authors demonstrate a conversion efficiency of 55% at 2.45 and of 19 % at 5.8 GHz.
In order to obtain compact dimensions, a square aperture coupled patch antenna with a cross shaped slot is used in [10] ; a conversion In this paper, a rectenna using a novel broadband monopole antenna and a half-wave rectifier is presented. Experimental data demonstrating a conversion efficiency of about 50% with an incident power density of 155 µW/cm 2 are reported and discussed.
ANTENNA DESIGN
The layout of the antenna used to collect the EM energy is illustrated in Fig. 1 ; it consists of a multi-layer structure that comprises a monopole antenna with a coplanar waveguide (CPW) feeding line [12] [13] [14] and a rectangular ring both realized on a FR4 single-sided copper clad laminate (ε r = 3.9, tan(δ) = 0.019, thickness = 1.6 mm) and separated by a 15 mm-thick layer of air. In order to verify the performance corresponding to this design strategy, a first prototype of the antenna was developed to work without the rectifier and to be matched with respect to a 50 Ω impedance.
The steps of the antenna design process are illustrated in Fig. 1 . We firstly optimized the geometry of the monopole and its feeding Figure 1 . Geometry of the monopole antenna proposed in this paper. Figure 2 . (a) Numerical data calculated for the reflection coefficients corresponding to the geometries G 1 , G 2 and G 3 . (b) Comparison among the reflection coefficient corresponding to geometry G 3 and the ones corresponding to two circular monopoles of radius R 1 and R 2 , respectively.
line by means of full-wave simulations performed with CST Microwave Studio [15] and with proprietary tools [16] [17] [18] [19] [20] . The starting point was the geometry G 1 obtained by a boolean addition of four circular monopoles, then four slits was introduced along the boundary of G 1 resulting in the geometry G 2 . Finally, geometry G 3 was achieved by designing two symmetrical slots on the ground plane; corresponding dimensions are given in Table 2 .
The reflection coefficients corresponding to G 1 , G 2 and to the final geometry G 3 are compared in Fig. 2(a) ; it can be seen that both the introduction of the slits along the boundary of G 1 and of the slots on the ground plane of G 2 , result in an improvement of the antenna relative bandwidth. More specifically, from numerical data the relative bandwidth obtained for the three geometries corresponding to the monopole design steps are: 74% (G 1 ), 100% (G 2 ) and 111% (G 3 ).
As for the performance of the proposed monopole with respect to a simple circular monopole, Fig. 2(b) shows a comparison with the reflection coefficients obtained for two circular monopoles of radius R 1 and R 2 (see Fig. 1 ), respectively. It can be noticed that, differently from a simple circular monopole that has a high-pass behavior, the proposed monopole exhibits a pass-band behavior. This pass-band behavior is useful in rectenna applications where it guarantees that the high-order harmonics generated by the rectifier will not be re-radiated by the antenna.
The final step of the antenna design process was the addition to the radiating element of a rectangular ring parallel to the antenna plane and placed at a distance d (see Fig. 1 ) that was optimized by means of full-wave simulations
The addition of this ring allows to modify the monopole radiation pattern; more specifically, it results in an increase of the gain of the antenna in the forward direction. This is highlighted in Fig. 3 , where the three dimensional radiation pattern calculated at 2.45 GHz for the proposed monopole with and without the square ring is reported.
In order to verify the performance of the monopole antenna calculated by means of full-wave simulations, a prototype was realized and tested; photographs are given in Fig. 4(a) . Measurements of the reflection coefficient were performed by means of the R&S R ZVL6 vector network analyzer and by using a Time Domain Reflectometry approach [21] [22] [23] [24] [25] ; results obtained this way were in a perfect agreement. Fig. 4(b) compares the measured reflection coefficient with numerical data From measurements the proposed monopole exhibits a relative impedance bandwidth of 136% (S 11 < −10 dB in the frequency range 1.03-5.41 GHz).
As for the gain, experimental data are illustrated in Fig. 5 ; at 2.45 GHz a maximum of 2 dB was measured. 
RECTENNA DESIGN AND RESULTS ON CONVERSION EFFICIENCY
The layout of the rectenna proposed in this paper is illustrated in Fig. 6 , it consists of the monopole antenna described in the previous section integrated with a rectifier. More specifically, a schematic representation of the circuit used for rectification is given in Fig. 7 , it is a single diode half-wave rectifier.
A network consisting of two lumped inductors (ATC 0603 WL series wire wound chip [26]) was used for matching the rectifier to the monopole antenna. From Fig. 7 , the presence, with respect to the resistive load, of a shunt lumped capacitor [27] and of a series schottky diode [28] can be also noticed. The capacitor acts as a low-pass filter thus guaranteeing that only the DC signal is delivered to the load. While, the series diode was used to compensate temperature effects, thus resulting in an improvement of the rectifier performance [29] .
The rectenna layout and the value of the lumped elements were optimized by combining full-wave and circuital simulations.
More specifically, optimizations were performed to maximize the rectenna RF-to-DC conversion efficiency (η) in the case of a resistive load of 1000 Ω and for a power density incident on the monopole antenna of about 100 µW/cm 2 . The optimum value calculated this way for the parameters of the layout illustrated in Fig. 6 are given in Table 3 ; the rectenna occupies a volume of about (60×77.8×18.2) mm 3 . Photographs of a prototype are given in Fig. 8 .
Experimental tests of the RF-to-DC conversion efficiency were performed by using a Software-Defined Radio (SDR) platform [2] [3] [4] [30] [31] [32] [33] [34] [35] . More specifically the Universal Software Radio Peripheral (USRP) equipped with the XCVR2450 daughterboard [36] and a monopole antenna was used to generate the microwave signal incident on the monopole. The use of this setup was validated by the authors through RF input Figure 6 . Layout of the proposed rectenna. Figure 7 . Schematic representation of the circuit used for rectification. the characterization of several antennas and systems [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] .
In order to avoid spurious reflections and to guarantee that both antennas were operating in their far-field region, measurements were performed in a large outdoor area and by placing the USRP transmitting dipole at a distance of 50 cm from the rectenna.
A first set of experiments was performed for different values of the resistive load and of the power density of the microwave signal incident on the antenna. The following definition was used to calculate the RF-to-DC conversion efficiency:
where S RF is the power density incident on the antenna, V DC is the DC output voltage (see Fig. 7 ), R LOAD is the resistive load. A eff is the monopole antenna effective area that was experimentally estimated as the ratio between the power received by the antenna and the incident power density:
The PMM 8053A broadband field meter with the EP-183 isotropic probe was used to measure S RF . Results obtained this way are given in Fig. 9 . Fig. 9(a) illustrates the measured RF-to-DC conversion efficiency as function of the power density incident on the monopole antenna for different values of the resistive load; while, Fig. 9(b) shows the measured values of η as function of the resistive load. It can be seen that a maximum of 45% was measured for a resistive load of 820 Ω and for an incident power density of 155 µW/cm 2 . Fig. 10(a) shows the measured values of the output voltage used to calculate the conversion efficiency illustrated in Fig. 9(a) . Calculations of the conversion efficiency as function of the frequency were also performed by varying the frequency of the signal generated by the USRP in the operating frequency range centered at 2.45 GHz (i.e., 2.35-2.55 GHz) of the XCVR2450 daughterboard More specifically, experimental data were collected by varying the frequency of the microwave signal incident on the antenna while maintaining constant R LOAD and S RF at 820 Ω and 155 µW/cm 2 , respectively. Results obtained this way are summarized in Fig. 10(b) , the proposed rectenna exhibits a conversion efficiency higher than 25% in the frequency range 2.35-2.55 MHz.
In order to investigate the performance of the proposed rectenna over the entire bandwidth of the monopole presented in the previous section, circuital simulations were performed. In these simulations the antenna was taken into account in terms of input impedance by using results obtained by means of full-wave simulations. More specifically, in circuital simulations the impedance of the input port of the rectifier was the one numerically calculated for the antenna. Corresponding results are given in Fig. 11(a) ; it can be noticed that the conversion efficiency of the rectifier shown in Figs. 7 and 8 drops down drastically for frequencies above 3.5 GHz. This is due to the use of the HSMS-2850 diode, which was the only one available in our laboratory. In fact, this diode is not well-suited to work at high-frequency; as a consequence improved results could be obtained for the RF-to-DC conversion efficiency by using a different diode. This has been confirmed by circuital simulations performed by using the HSMS-2860 diode. Fig. 11(b) shows the circuit schematic of the rectifier optimized for operation with the HSMS-286X; in Fig. 11(a) results obtained for the conversion efficiency are given and compared with the one corresponding to the HSMS-2850. It can be noticed that values of the conversion efficiency higher than 15% were calculated for frequencies above 3.5 GHz.
CONCLUSION
A 2.45 GHz rectenna consisting of a novel compact monopole and a single diode rectifier has been presented. Experimental data referring both to the monopole antenna when designed to be matched to a 50 Ω impedance and when used as a rectenna for energy harvesting applications are reported and discussed. It is demonstrated that the antenna here presented exhibits a relative bandwidth of 136%. As for the rectenna, from experimental data the RF-to-DC conversion efficiency is of about 50% when the power density incident on the monopole antenna is 155 µW/cm 2 .
